. Agreement between T2 and TOF images for fibrous cap identification was slight (ϭ0.16; 0.01 to 0.31). Intraand interobserver reproducibility for quantitative area measurements of vessel, lumen, plaque, LR/NC, and fibrous components was high with intraclass correlation coefficients ranging from 0.73 to 0.99. However, for the LR/NC, the interval delimited by the Bland-Altman graphs was wide in comparison to the mean. Conclusions-Vessel and plaque quantification is reproducible. Reproducibility of MRI for identifying and quantifying carotid plaque components is overall acceptable, but there is still significant variability that should be taken into account in the design of prognosis studies and clinical trials. Reproducibility for fibrous cap identification needs to be improved.
I n vivo high-resolution MRI has emerged as a tool capable of measuring the volume of atherosclerotic carotid plaques 1, 2 and characterizing their components, including hemorrhages, calcifications, lipid component (ie, lipid-rich/ necrotic core [LR/NC]), 3, 4 and fibrous tissue. [5] [6] [7] By measuring atherosclerosis burden and plaque instability, MRI could potentially identify high-risk patients requiring more intensive treatments, 8 monitor the effect of treatments, 9 and help with understanding atherosclerosis pathophysiology. However, reproducibility of MRI for characterizing plaque components and measuring plaque volumes has rarely been addressed. Intra-and interobserver reproducibility of MRI for quantitative measurements of the wall, lumen, and different plaque components has been evaluated in histological correlation studies, 1, 10, 11 but reproducibility of qualitative in vivo MR measurements has never been assessed. These previous histological studies relied on small samples of selected patients with severe carotid atherosclerosis scheduled for endarterectomy. Furthermore, in the analyses, all arterial locations were pooled together, which could lead to inaccurate estimations. Finally, there is still some controversy about the best way to identify the fibrous cap. Some authors define it as a hypointense area on native 3-dimensional time-of-flight (TOF) images, 12 whereas others regard it as a high signal area adjacent to the lumen on T2-weighted sequences. 3, 6, [13] [14] [15] [16] We assessed the intra-and interobserver reproducibility of high-resolution MRI for the identification and quantification of carotid atherosclerotic plaque components in 85 consecutive patients enrolled in an ongoing prospective prognostic study.
Methods Population
HIgh-Resolution magnetic resonance Imaging in atherosclerotic Stenosis of the Carotid artery (HIRISC) is an ongoing multicenter prospective study assessing the prognostic value of carotid plaque vulnerability, as defined on MRI, for the prediction of cerebrovascular events (participants are listed in the Appendix). Patients were eligible for the study if 1) they had symptomatic (40% to 69% according to the NASCET method 17 ) or asymptomatic (60% or greater NASCET) stenosis of the internal carotid artery bifurcation; 2) they were not scheduled for endarterectomy within the next 6 months; and 3) they did not have any other major cause of stroke. The decision not to operate was jointly reached with the neurologists and the patient after having the benefits and risks of carotid surgery explained. Patients were considered symptomatic if they have had a recent (12 or less months) transient ischemic attack or a nondisabling (Rankin score 3 or less) ischemic stroke in the territory of the qualifying carotid stenosis. The degree of stenosis was obtained from carotid duplex ultrasound and at least one of the following techniques: MR angiography, CT angiography, or digitized catheter angiography. The study was approved by the local ethics committee and all patients signed an informed consent.
MRI Protocol
All patients were imaged in 1.5-T MR units using the same 4-channel phased-array surface coil (Machnet). Before starting the study, MR protocol and acquisition parameters were standardized across platforms; a fast gradient echo pulse sequence was used in axial, sagittal, and coronal planes as a localizer. The median sagittal image was used to plan a 2-dimensional TOF gradient echo sequence. Twenty to 30 slices with a thickness of 4 mm were set to cover the neck area using the phased array coil. The z-axis coordinates of the qualifying carotid bifurcation on the 2-dimensional TOF images were used to position the 4 following pulse sequences: 3-dimensional TOF, T1-weighted (T1w), proton density-weighted (PDw), and T2-weighted (T2w). The field of view (130ϫ130 mm) was identical for all 4 sequences. T1w, T2w, and PDw images were obtained with double-inversion recovery (ie, black blood) fast spin echo sequences with electrocardiographic gating during free breathing using 8 axial sections (3-mm thick, 0.3-mm gap) centered on the qualifying carotid stenosis. PDw and T2w parameters were: repetition time: 2 RR intervals; effective echo time: 16 to 20 ms for PDw and 50 ms for T2w; acquisition matrix: 256ϫ512 with zero filling (acquired in plane resolution 508ϫ508 m interpolated to 254ϫ254 m by zero-filling in K-space); signal averaged: 2; fat suppression. T1w parameters were: repetition time: 1 RR interval; echo time: 9 to 10 ms; acquisition matrix: 352ϫ256, 512 with zero filling (acquired in plane resolution 451ϫ508 m, interpolated to 254ϫ254 m by zero-filling in K-space); signal averaged: 3. The 3-dimensional TOF sequence used a gradient echo pulse sequence with repetition time: 30 ms; echo time: 6.9 ms; flip angle: 20°, acquisition matrix: 288ϫ224, 512 zero filling (acquired in plane resolution 451ϫ580 m interpolated to 254ϫ254 m by zero-filling in K-space); number of signal averaged: 2; 20 slices of 2.2-mm thickness, one slab. Total acquisition time was approximately 25 minutes. Images were provided in a DICOM format for analysis.
Image Review
After a period of joint working to standardize the methods of assessment and recording, 2 independent readers blind to baseline and follow-up clinical data examined all MR images of the qualifying carotid artery using a standardized form and published criteria (see subsequently). 1, 4, 16, 18 Three months after the first reading session, one observer reevaluated all images, which were presented in a different order. For each location, the 4 MR sequences (PDw, T2w, T1w, TOF) were reviewed together. Image quality was assessed by each observer using a 4-point scale (excellent, good, average, poor, this latter category being excluded from our analyses) based on the signal quality and on the motion artifacts.
Tissue Components (qualitative assessment)
All signal intensities were compared with the adjacent sternocleidomastoid muscle. 1, 4 Calcifications were defined as areas of hypointensity on all 4 sequences. Recent and fresh intraplaque hemorrhages were considered together as hyperintensities on T1w and TOF images. LR/NC and fibrous components share the same signal on PDw images, ie, a signal iso-or slightly hyperintense to the sternocleidomastoid muscle. PDw and T2w images were compared so as to discriminate between LR/NC and fibrous component as follows: LR/NC was identified as an area in which the signal dropped on T2w when compared with PDw images, whereas fibrous component corresponded to a relatively high signal area on both sequences (Figures 1 and 2) . 1, 4, 16, 18 Calcifications, hemorrhages, and LR/NC were considered present if they were observed on one slice at least. Fibrous cap was defined as a high signal area adjacent to the lumen on T2w images. 16, 18 On TOF images, fibrous cap was identified as a hyposignal band adjacent to the lumen on the plaque surface. 12 Readers had to indicate the presence of a fibrous cap on each sequence independently of the finding on the other sequence. The reproducibility of MRI for the identification of the fibrous cap on T2 and TOF images was assessed on one randomly selected location per patient. In the absence of LR/NC, fibrous cap cannot be distinguished from the fibrous component on T2w images. Therefore, locations where no LR/NC was identified by both readers (nϭ6) were excluded from this analysis.
Quantitative Measurements
Area measurements of vessel, lumen, plaque, LR/NC, and hemorrhages were obtained for each location by manually tracing the boundaries of each component (Figures 1 and 2 ). Calcification areas were not quantified because of their usual small size and for the various susceptibility artifacts they induce. Vessel and lumen areas were calculated on PDw images and plaque and LR/NC areas on T2w images. 12 Fibrous component area was calculated by subtracting LR/NC and hemorrhage from plaque area. Mean areas per artery were calculated by dividing the sum of areas from each crosssectional location by the number of cross-sectional locations analyzed. Because the absolute values of the LR/NC area do not provide any information on the relative size of the lipid core compared with the vessel (which is a potential marker of plaque instability), we also calculated the ratio of LR/NC to wall (ie, vessel minus lumen) areas for each patient and classified it into 4 categories: less than 10%, 10% to 19%, 20% to 29%, and 30% or greater. These categories covered the range of ratios observed in our study sample (0% to 45%).
Statistical Analyses
We calculated the sample size required to detect kappa values significantly superior to 0.40 with a power of 0.80 assuming that the prevalences of the calcifications and hemorrhages would range between 30% and 50% and kappa values between 0.70 and 0.80. According to Donner and Eliasziw, 19 50 to 80 patients were required. For each patient, the carotid artery qualifying for the study was analyzed. Agreements were assessed by calculating kappa () for nominal (dichotomous) data and weighted (quadratic weighting) for statistic ranked ordinal data, 20 and intraclass correlation coefficients with a 2-way random effect for continuous variables. 21 For all agreement parameters, 95% CIs were calculated. According to Landis and Koch, 22 values of between 0.8 and 1 indicate almost perfect agreement, 0.6 to 0.8 substantial agreement, 0.4 to 0.6 moderate agreement, 0.2 to 0.4 fair agreement, 0.0 to 0.2 slight agreement, and Ϫ1.0 to 0.0 poor agreement. Values of intraclass correlation coefficient more than 0.80 were considered excellent agreement. 21 Finally, we plotted the mean differences between 2 measurements against the mean of 2 measurements according to the method described by Bland and Altman. 23 This method allows judging whether agreement of quantitative measurements varies across the range of values, quantifying the bias between observers, and calculating the precision of the estimated limits of agreement.
Results
MRI examinations of the first 90 patients enrolled in the HIgh-Resolution magnetic resonance Imaging in atherosclerotic Stenosis of the Carotid artery study were selected for this reproducibility analysis. Five (6%) patients were excluded because of poor image quality (nϭ4) or incomplete MR examination (nϭ1). Therefore, 85 patients (mean age 69.4Ϯ9.9 years; 71% of men) were finally included. Fiftyfour patients were asymptomatic, 12 had a transient ischemic attack (including one amaurosis fugax), and 19 a minor stroke. The median number of locations per patient evaluated by both readers (ie, with significant plaque allowing areas measurements) was 3 (one to 5) with a total of 245 locations. The number of patients with images the quality of which was considered average by both readers was small: PDw: 0, TOF: one, T2w: 2, and T1w: 8. Only one patient had 2 average quality sequences according to both readers (excluding this patient did not change our results).
Intraobserver agreement (Table 1) was substantial for the identification of calcifications and LR/NC and almost perfect for hemorrhages. Percentage of agreement was 91% for the identification of a fibrous cap on T2w images but, because the prevalence of fibrous cap was high on this sequence, agreement assessed by was only moderate (ϭ0.58; 0.27 to 0.88). Intraobserver agreement was fair for the identification of a fibrous cap on TOF images. Intraobserver reproducibility was excellent for quantitative areas measurements ( Table 1) .
As shown in Table 2 , interobserver agreements were substantial for calcifications (ϭ0.74; 0.59 to 0.89) and hemorrhages (ϭ0.62; 0.43 to 0.81) but moderate for LR/NC (ϭ0.58; 0.20 to 0.95). When average quality T1w images were excluded from the analyses, value reached 0.72 (0.54 to 0.90) for hemorrhages. Despite a high agreement (86%), there was a small value for the identification of a fibrous cap on T2w images (ϭ0.28; Ϫ0.03 to 0.59). Of note, this value slightly improved when images with hemorrhages (ie, identified by at least one observer) were excluded (ϭ0.35; 0.004 to 0.71) or when images with calcifications were excluded (ϭ0.44; 0.0 to 0.89), and reached 0.78 (0.36 to 1.0) when those with both hemorrhages and calcifications were excluded. On TOF images, fibrous cap was more seldom identified with a percentage of agreement of 69% and a value of 0.26 (0.04 to 0.48). In contrast to findings on T2w images, the exclusion of images with hemorrhage and calcifications did not change the interobserver agreement on TOF images (ϭ0.20; Ϫ0.16 to 0.56). Finally, given this low reproducibility, 2 months after the first readings, one observer examined a random location (ie, a location different from that used in the first analysis) from each patient on T2w images only. Then, 4 weeks later, he analyzed the same locations on TOF images only (presented in a different order). In this analysis, agreement between T2w and TOF images for the identification of a fibrous cap was slight (ϭ0.16; 0.01 to 0.31).
Interobserver reproducibility for quantitative areas measurements was high: intraclass correlation coefficient was 0.96 (0.95 to 0.97) for the vessel, 0.98 (0.98 to 0.99) for the lumen, 0.94 (0.92 to 0.96) for the plaque, 0.73 (0.66 to 0.80) for the LR/NC, and 0.84 (0.79 to 0.88) for the fibrous component. In plaques in which both readers agreed on the presence of hemorrhages, intraclass correlation coefficient was 0.60 (0.37 to 0.81) for hemorrhagic areas. Bland and Altman plots (Figure 3) showed that the absolute differences in measurements were small (ranging from Ϫ3.0 to 0.9 mm 2 depending on the component) and that there was no relation between differences and means. However, the interval of Table 3 , the agreement for the classification of plaques according to the ratio LR/NC to wall areas was only substantial (weighted ϭ0.61; 0.48 to 0.74). Findings regarding LR/NC quantification were unchanged when patients with hemorrhage or calcifications were excluded. All results related to interobserver reproducibility for qualitative (Table 2 ) and quantitative (data not shown) measurements were similar when the second observer 1 readings were used or when patients with at least one average quality sequence (nϭ10) were excluded (data not shown). Our findings were also similar for symptomatic and asymptomatic patients (data not shown).
Discussion
We have shown that the interobserver reproducibility of highresolution MRI for the in vivo identification of hemorrhages, calcifications, and LR/NC was moderate to substantial. The reproducibility was excellent for the quantification of vessel and plaque areas but not perfect for the quantification of hemorrhages and LR/NC. We have also shown that fibrous cap cannot be reliably identified. As expected, intraobserver reproducibility was better than interobserver reproducibility. Although there are published data on reproducibility of MRI for the quantification of different plaque components, 1,10,11 to our knowledge, intraand interobserver reproducibility of MRI for the identification of different plaque components and fibrous caps had never specifically been assessed so far.
In our study, intra-and interobserver agreements were not perfect for most of the components. However, the reproducibility found here was very similar to that observed in a recent histological carotid plaque study 24 and was at least as good as that of different carotid imaging techniques. [25] [26] [27] Our findings of a good reproducibility of MRI in quantifying vessel, lumen, and plaque areas are in keeping with those of previous smaller studies, which included patients scheduled for carotid endarterectomy. 1, 11 Taken together, these results mean that MRI can be used quite confidently in clinical studies addressing whether the risk of stroke is correlated to atherosclerosis burden and in studies addressing the effect of drugs on the size of atherosclerosis plaques. However, the quantification of the LR/NC was not perfect. Although intraclass correlation coefficient (0.73) and coefficient for the lipids/wall ratio (0.61) suggested a relatively good agreement, Bland and Altman plot showed a relatively wide interval of agreement compared with the mean. This indicated that there could be discrepancies between 2 readers. This result highlights the technical limitations of the intraclass correlation coefficient in addressing the agreement between measurements of continuous variables 28 and the need to carefully analyze Bland and Altman plots. 23 Similarly, we found a slightly lower interobserver reproducibility for quantifying hemorrhages than that found in a previous study. 1 The usual small size of hemorrhagic areas along with their frequent blurred edges on MRI and the heterogeneity of their signal are likely to explain the result. 24, 29 We found that fibrous cap was more often identified on T2w than on TOF images, but reproducibility was overall poor for both methods and there was no agreement between both methods. On T2w images, the value, although low, was better in plaques without calcifications and hemorrhages. These difficulties in distinguishing fibrous cap from LR/NC in plaques with hemorrhages and calcifications have been previously noticed. 6 An overlap between the signal intensity of hemorrhages, which varies according to their age and the signal of the other components, could explain these difficulties. Given the relative high prevalence of these components, this potential explanation has no implications for the practice but could direct future research. Another plausible explanation could be that calcifications are sometimes adjacent to the lumen and disrupt the signal. Considering these difficulties in identifying fibrous cap reliably, we decided not to carry out further analyzes on the fibrous cap status. The discrimination 
Touzé et al Carotid Plaque MRI Reproducibility
between LR/NC and fibrous cap on T2w images is based on differences in spectroscopic properties between these both components and has been well documented in both in vitro and in vivo studies. 3, 6, [13] [14] [15] [16] Conversely, the diagnostic value of TOF sequences has been less documented and, 12 so far, findings have not been replicated. In a recent study addressing whether plaque vulnerability defined on MRI predicted cerebrovascular events, fibrous cap was defined after having several readers reach a consensus. 8 Nevertheless, although T2w fibrous cap was identified more frequently on T2w than on TOF sequences, our results highlight that much remains to be done to improve the ability of MRI to identify fibrous cap confidently. The use of gadolinium contrast agent has been shown to improve the distinction between fibrous cap and LR/NC and could help with more accurate measurements of the fibrous cap. 30 However, to our knowledge, reproducibility of postcontrast assessments has not been studied yet.
There are several potential shortcomings to our study. First, we included patients who were not scheduled for endarterectomy and it might therefore be argued that our population did not cover the whole spectrum of the disease severity, which could question the generalizability of our results. However, patients included in this study are those for whom the benefit of endarterectomy is still controversial and for whom much is to be expected from noninvasive techniques. As a consequence, no pathologic confirmation data were available in our study and we may have found good agreement despite that both readers misinterpreted images. However, we carefully used previously published criteria. 1, 4, 16, 18 Moreover, agreement studies do not require a reference standard, 31 and methods that are not reproducible are useless in clinical practice although they are accurate. In addition, there are some data on MRI reproducibility in patients with more severe carotid stenosis, which are consistent with our results. 1 Second, testing interobserver reproducibility with 2 readers and intraobserver reproducibility with one observer only may also question the generalizability of our results. However, testing intraobserver reproducibility is mainly useful to make sure that interobserver reproducibility is interpretable. In addition, there is no reason to believe that our results would have been very different with other readers provided they use the same strict criteria and have a training period. Third, in contrast to some studies, we did not use an automatic imaging analyzing tool for quantitative measurements. 1 However, such tools have not thoroughly been validated for the detection and the measurement of all plaque components. 32 Fourth, like some previous studies, we used a 3-mm slice thickness, 3, 6, 9 but others used a 2-mm slice thickness. 2, 11 This greater thickness may have increased partial volume effects and potentially accounted for part of the variability observed. However, for a given acquisition time and magnetic field, decreasing the slice thickness by one third would have resulted in a loss of signal and contrast. In addition, a recent randomized study assessing effects of statins on carotid plaques used a 3-mm slice thickness. 9 Finally, there are several well-described limitations to the use of the statistic that could influence the interpretation of our results. 31 Very high (or low) prevalence results in high levels of expected agreement and consequently, the value is often low despite nearly perfect agreement as we observed for the LR/NC and the fibrous cap on T2w images. Observer bias, in the sense of a systematic difference between 2 observers in the image interpretation, is a form of disagreement with important practical implications, but it is not separately identified by the statistic. Despite the use of standardized and strict criteria defined during the period of joint working, such a bias could be suspected for the first readings on TOF (fibrous cap identification). However, there was no such bias during the second readings, and because observer bias tends to overestimate the value, the true value of the first readings value would have been even smaller (ϭ0.16; Ϫ0.08 to 0.40) after adjustment using the bias index. 33 Our results have several practical implications for future research. First, MRI is reproducible for the quantification of vessel and plaque areas and can be used confidently in future studies, which require measuring plaque size. Second, there is still significant interobserver variability for the identification and quantification of different plaque components. This variability should be taken into account in the design of prognostic studies and therapeutic trials, because it can attenuate the correlations between MRI findings and clinical outcomes and consequently increase the required sample sizes. 20 We would also recommend that all future studies publish the reproducibility of their own assessment unless the final decision is reached by consensus. Third, much remains to be done to improve the ability of MRI to identify fibrous cap reliably and to better understand the influence of hemorrhages and calcifications on the analysis of the other components. These important questions could potentially be answered by carrying out larger well-designed histological-radiological correlation studies 34 using contrast agents and/or new MRI sequences, 2, 6, 35 developing automatic images analyzing tools, 36, 37 and using higher magnetic fields. 38, 39 
